Introduction
Chronic obstructive pulmonary disease (COPD) is an umbrella term representing a group of closely related and incurable inflammatory lung diseases, comprising bronchitis, bronchiolitis, and emphysema (1) . COPD afflicts around 300 million people worldwide, responds very poorly to current treatments, and has escalated to the world's fourth leading cause of death. COPD patients exhibit lung inflammation, lung tissue destruction, and small airway narrowing, collapse, and obstruction. In the emphysematous disease presentation, this hyperinflates the lungs, making exhalation progressively more difficult, and in patients with very severe disease, causes marked and intractable breathlessness that, even on the mildest exertion, is extremely debilitating and distressing (2, 3) . In addition to the disease burden attributable to declining lung function, systemic comorbidities, often designated the "COPD comorbidome," are extremely common, and contribute significantly to reduction in quality of life and the economic cost of the disease. These systemic comorbidities, notably cardiovascular disease, bone loss, and osteoporosis, and in patients with very advanced disease, cachectic loss of fat and skeletal muscle reserves among other conditions, are very common and variable in COPD and contribute substantially to disease morbidity in diverse patient groups (4) . Around half of all COPD patients die from cardiovascular comorbidities including myocardial infarction, right heart failure, and stroke. Furthermore, acquired defects in mucosal immunity lead to recurrent viral and bacterial infectious exacerbations and irreversible colonization of the lungs, with an aberrant metagenome in many patients (5) . Indeed, there is evidence that COPD patients have increased intestinal permeability, and smokers have disruptions in their normal flora, which may present a link between the lung and gut microbiome influencing disease susceptibility (6) . These infections and colonization are believed to further worsen comorbidities by driving systemic inflammation (7) . The clustering of these disease traits has driven the search for unifying causative mechanisms.
It is surprising, given the important progress in identifying novel gene variants in genome-wide association studies (8, 9) , that the trait most strongly associated with COPD in large prospective biomarker studies is a simple elevation in peripheral WBC count (10) (11) (12) , which is directly linked to severity of lung destruction, propensity for exacerbations, and extent of comorbidities. Thus, we reasoned that probing the molecular basis of WBC regulation and studying the role of hematological CSFs might lead to novel insights into COPD and its comorbidome. Furthermore, myeloid lineage innate inflammatory cells, such as macrophages and neutrophils, are markedly elevated in the COPD lung and they are critically dependent on CSFs for their development and activation, thereby linking bone marrow myelopoiesis with tissue-damaging inflamChronic obstructive pulmonary disease (COPD) is an incurable inflammatory lung disease that afflicts millions of people worldwide, and it is the fourth leading cause of death. Systemic comorbidities affecting the heart, skeletal muscle, bone, and metabolism are major contributors to morbidity and mortality. Given the surprising finding in large prospective clinical biomarker studies that peripheral white blood cell count is more closely associated with disease than inflammatory biomarkers, we probed the role of blood growth factors. Using the SHIP-1-deficient COPD mouse model, which manifests a syndrome of destructive lung disease and a complex of comorbid pathologies, we have identified a critical and unexpected role for granulocyte-CSF (G-CSF) in linking these conditions. Deletion of G-CSF greatly reduced airway inflammation and lung tissue destruction, and attenuated systemic inflammation, right heart hypertrophy, loss of fat reserves, and bone osteoporosis. In human clinical translational studies, bronchoalveolar lavage fluid of patients with COPD demonstrated elevated G-CSF levels. These studies suggest that G-CSF may play a central and unforeseen pathogenic role in COPD and its complex comorbidities, and identify G-CSF and its regulators as potential therapeutic targets. levels of G-CSF in SHIP-1 -/-mice (31, 37) , which suggested to us that it may be playing a pathogenic role by supporting the production of neutrophils and stimulating hematopoietic stem cell mobilization. To confirm and extend these studies, we measured levels of G-CSF in the lung and circulation, finding that it was significantly elevated in bronchoalveolar lavage fluid (BALF) and serum of a large cohort of SHIP-1 -/-mice ( Figure 1A ).
Deletion of G-CSF in SHIP-1
-/-mice ameliorates lung pathology. To determine the role of G-CSF in disease pathogenesis in SHIP-1-deficient mice, we generated SHIP-1 -/-G-CSF -/-double-knockout (DKO) mice, with the striking finding that lung disease was dramatically reduced, evidenced by significantly less inflammation and fibrosis in the lung parenchyma and small airways of DKO mice ( Figure 1B) . Quantification of the size of airspaces in the lungs of SHIP-1 -/-mice by determining mean linear intercept revealed significant emphysema compared with control lungs (Figure 1C) , while removal of G-CSF from SHIP-1 -/-mice significantly reduced this phenotype, restoring airspace sizes towards those of control mice ( Figure 1C ). MMPs are implicated in the pathophysiology of COPD, as they degrade the extracellular matrix and cause parenchymal tissue damage (1) . To determine whether the reduced emphysema phenotype in DKO mice correlated with alterations in MMP production, we measured MMP-9 in BALF by Luminex assay. These studies revealed a significant elevation in MMP-9 in SHIP-1 -/-lungs compared with control lungs, while levels in DKO lungs were significantly reduced ( Figure 1D) .
We have previously shown that SHIP-1 -/-mice have a markedly increased BAL cell count (31, 32) ; however, this phenotype was dramatically blunted in DKO mice (Figure 2A ). Differential counts of the BAL revealed that not only were alveolar macrophages (AMΦs) reduced, but neutrophil, eosinophil, and lymphocyte populations were largely absent in DKO mice (Figure 2A ). Cytology of the BAL cells revealed that the morphology of the AMΦs in SHIP-1 -/-and DKO mice was strikingly different ( Figure 2B ). While SHIP-1 -/-BAL macrophages were enlarged and strongly pigmented, as we have previously reported (31, 32) , the macrophages observed in the BAL of DKO mice were small and predominantly quiescent in appearance ( Figure 2B ).
Previous studies by our laboratory have shown that AMΦs do not ordinarily express the leukocyte integrin CD11b, but its expression is induced in settings of viral infection and LPS challenge, or under conditions of chronic lung inflammation such as in SHIP-1 -/-mice (32). To determine whether increased CD11b was an innate feature of SHIP-1 -/-AMΦs or whether it correlated with local inflammation and the heightened activation status of the cells, we compared CD11b expression on AMΦs from SHIP-1 -/-and DKO mice. Flow cytometry analyses showed that SHIP-1 -/-mice had both CD11b -and CD11b + AMΦ subpopulations (populations Ri and Rii), while the AMΦs of DKO mice, like control mice, showed minimal CD11b expression (population R) ( Figure 2C ).
Various chemotactic factors orchestrate the recruitment of inflammatory cells to the inflamed lungs of COPD patients (1) . The chemotaxis of neutrophils is induced by activation of the CXC chemokine receptor CXCR2, which binds several CXC chemokines including CXCL1, CXCL2, and CXCL8 (IL-8), which are elevated in the sputum of COPD patients (38, 39) . To determine whether the reduction of total cell number as well as the loss of mation, and hence host defense (13) . Granulocyte macrophage-CSF (GM-CSF), originally discovered as a blood cell growth factor released from endotoxin-inflamed lungs (14) , is one such factor, and animal studies have shown that neutralization of GM-CSF ameliorates experimental COPD (15) . Granulocyte-CSF (G-CSF) is another important myeloid growth factor; however, it has been largely ignored because of its traditional role as a neutrophilspecific factor. G-CSF is produced by stromal cells, endothelium, and macrophages, and the major stimuli for its production are bacterial products and proinflammatory cytokines (16) . G-CSF stimulates the production of neutrophils from the bone marrow and promotes their survival, priming, and function. Recombinant human G-CSF (filgrastim) is used clinically in chemotherapy-induced neutropenia (17, 18) and for the mobilization of peripheral blood progenitor cells for transplantation (reviewed in ref. 19 ). G-CSFdeficient mice are neutropenic and also exhibit reduced numbers of bone marrow myeloid precursors (20) , and while they are susceptible to acute bacterial infection (21) , they handle chronic bacterial infection (22) . More recent studies have shown that despite G-CSF's role in innate immunity, G-CSF has pathogenic roles in inflammatory autoimmune diseases such as inflammatory arthritis (23) , experimental allergic encephalomyelitis (24) , and uveoretinitis (25) . Furthermore, G-CSF is induced in airway inflammation and in response to cigarette smoke (26) (27) (28) (29) , but its role in COPD and its complex comorbidome has not been investigated.
To probe the role of G-CSF in COPD, we have used mice deficient in the regulatory lipid phosphatase SH2 domain-containing inositol 5′ phosphatase-1 (SHIP-1). SHIP-1, which is orthologous to INPP5D (inositol polyphosphate-5-phosphatase D) in humans, is found only in hematopoietic cells where it acts as a critical negative regulator of multiple inflammatory signaling pathways (30) . We have previously described that SHIP-1-deficient mice spontaneously develop a marked inflammatory lung disease with features reminiscent of clinical COPD, including inflammation, emphysema, and small airway fibrosis (31) (32) (33) . The lung inflammatory infiltrate comprises activated macrophages, neutrophils, lymphocytes, and eosinophils (32, 34) . In addition to lung inflammation, SHIP-1 -/-mice exhibit systemic inflammation and extramedullary hematopoiesis, which drives splenomegaly and the expansion of both erythroblasts and myeloid cells in the periphery (35) . SHIP-1 also regulates hematopoiesis and SHIP-1 -/-mice display elevated WBC count due to leukocytosis (36) .
Here we demonstrate using genetic complementation that deletion of G-CSF not only leads to a dramatic improvement in lung health, but most surprisingly, ameliorates the associated disease comorbidome in SHIP-1-deficient mice. By targeting a single factor we have been able to ablate the diverse pathologies in multiple organ systems encompassed by COPD. We have furthermore demonstrated that G-CSF levels are elevated in the lungs of patients with COPD. Our studies are the first to our knowledge to strongly implicate G-CSF and its regulators as promising new therapeutic targets in the treatment of COPD and the systemically manifested complex COPD comorbidome. ( Figure 2 , B and C), given the presence of elevated G-CSF levels in the lung ( Figure 1A ). In order to assess this, AMΦs were stimulated with G-CSF in vitro followed by detection of phosphorylated proteins by phospho-flow cytometry. Interestingly, AMΦs from SHIP-1 -/-mice exhibited increased induction of phosphorylated Erk (p-Erk) upon exposure to G-CSF, compared with control AMΦs ( Figure 2F ). Induction of phosphorylated STAT-3 (p-STAT-3) was also significantly increased in SHIP-1 -/-AMΦs compared with controls ( Figure 2G ). These results indicate that the MAPK and JAK/ STAT pathways downstream of G-CSFR in SHIP-1 -/-AMΦs are hyperresponsive to G-CSF stimulation.
Results

G-CSF
Systemic inflammation is markedly reduced in SHIP-1
Since we observed a dramatic improvement in lung inflammation and pathology in DKO mice, we next sought to determine whether other indices of inflammation were moderated. An inflammatory trait consistently observed in SHIP-1 -/-mice is splenomegaly (31, 41) and this was markedly reduced in DKO mice ( Figure 3A) , as was the coexistent splenic neutrophilia ( Figure 3B ) and splenic histiocytosis ( Figure 3C ). Splenomegaly can be a marker of systemic inflammation due to extramedullary hematopoiesis and this is a well-known trait of SHIP-1 -/-mice (31, 35, 36) . Extramedullary myelopoiesis was strikingly dampened in DKO mice, with numbers of myeloid progenitors reduced to the levels seen in control mice ( Figure 3D ). Erythrocytosis/polycythemia is another feature of SHIP-1 -/-mice (35) and very interestingly, numbers of nucleated erythroid cells, which were dramatically increased in SHIP-1 -/-mice, were markedly attenuated by G-CSF deficiency ( Figure 3E) .
B cell abnormalities are still present in SHIP-1 -/-G-CSF -/-mice and are not responsible for lung disease. We and others have previously observed B cell abnormalities and autoimmune disease in SHIP-1 -/-mice (31, 42) . To determine whether B cell defects were influenced by G-CSF-mediated inflammation, we examined the B cell compartment. Although splenic B cell frequency was partially restored in DKO mice (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/ JCI98224DS1), DKO B cells retained their activated phenotype, mirroring that observed in SHIP-1 -/-mice (Supplemental Figure  1B) , and DKO mice, like SHIP-1 -/-mice, had elevated levels of serum immunoglobulins (Supplemental Figure 1C) . Furthermore, DKO mice, like SHIP-1 -/-mice, developed autoimmune disease exhibiting circulating autoantibodies (Supplemental Figure 1D ) and glomerulonephritis (Supplemental Figure 1E) . Collectively, these data indicate that G-CSF-mediated inflammation does not underlie B cell abnormalities in SHIP-1 -/-mice. To confirm that B cells and B cell-mediated autoimmune disease do not play a role neutrophils were due to altered neutrophil chemoattractants, we measured levels of the murine CXCL1 and CXCL2 homologs keratinocyte-derived chemokine (KC) and macrophage inflammatory protein-2 (MIP-2). We found that the BALF from SHIP-1 -/-mice had significantly elevated KC and MIP-2 levels compared with controls, and that these levels were significantly reduced in the BALF of DKO mice ( Figure 2D ).
SHIP-1 -/-lung macrophages are hyperresponsive to G-CSF. The G-CSF receptor (G-CSFR, CD114
) is not only expressed in the granulocyte lineage but can be found on platelets and other hematopoietic cells including monocytes. However, the role of G-CSFR signaling in AMΦs remains uncertain, and thus we first examined G-CSFR expression in AMΦs purified from BAL using quantitative real-time PCR (qRT-PCR). These studies revealed that G-CSFR was expressed by C57BL/6 AMΦs and by the CD11b -and CD11b + AMΦ subsets in SHIP-1 -/-mice, albeit at lower levels than in bone marrow cells and neutrophils ( Figure 2E ). SHIP-1 is known to be recruited to the G-CSFR as an inhibitory signaling mediator downstream of G-CSF signaling (40) . Since AMΦs expressed G-CSFRs, we determined whether SHIP-1 -/-AMΦs were hyperresponsive to G-CSF-induced signaling responses, which may provide an explanation for their activated phenotype ) treated with media or 10 ng/ml G-CSF for 15 minutes. Data are expressed as a ratio to the unstimulated control; pooled data from n = 3-9 per group from 2 experiments. *P < 0.05; **P < 0.01; ****P < 0.0001 by ANOVA (A and D) or MannWhitney U test (F and G). jci.org Volume 128 Number 6 June 2018
inducing pressure overload, including pulmonary leukostasis, pulmonary embolism, or infarction.
Comorbidities in SHIP-1 -/-mice are dependent on G-CSF-mediated inflammation. SHIP-1
-/-mice have reduced survival due to their attendant lung disease, and they also develop other phenotypes including systemic inflammation, polycythemia, and osteopenia (31, 36, 41, 44) . Survival studies revealed that the median survival of DKO mice was 326 days, which was significantly improved compared with that of SHIP-1 -/-mice, which was 168 days (P < 0.01). Initial characterization of DKO mice revealed that they were healthier in appearance than SHIP-1 -/-mice, having improved body condition and increased body weight ( Figure 4A ). The proinflammatory cytokine IL-6 is elevated in the serum of COPD patients and is associated with systemic inflammation and poor prognosis (45) . To determine whether G-CSF contributes to the systemic inflammatory phenotype in SHIP-1 -/-mice, sera were tested for levels of IL-6 ( Figure 4B ). As found previously (46), SHIP-1 -/-mice displayed elevated levels of IL-6 in serum, with a trend toward reduction in DKO mice ( Figure 4B ). Systemic inflammation arising due to spillover from the lungs can also induce acute-phase protein production in the liver and contribute to systemic disturbances (4). We therefore examined gene expression of C-reactive protein (CRP) and serum amyloid A (SAA) in the liver by qRT-PCR. Although no significant differences were observed in CRP expression between groups ( Figure 4C ), SAA expression was significantly elevated in in the lung pathology manifested by SHIP-1 -/-mice, we generated SHIP-1 -/-mice that lacked B cells (SHIP-1 -/-μMT -/-mice). These mice still exhibited severe lung pathology, in a manner akin to SHIP-1 -/-mice (Supplemental Figure 1 , F and G), indicating that lung disease in SHIP-1 -/-mice is not a consequence of their underlying B cell-mediated autoimmune disease.
G-CSF deficiency rescues reduced arterial oxygen saturation and right ventricular hypertrophy in SHIP-1
-/-mice. Erythrocytosis in SHIP-1 -/-mice is likely to be due to extramedullary erythropoiesis (35); however, additional potential mechanisms could involve those related to hypoxia/hypoxemia (low blood/tissue oxygen), a common lung disease comorbidity. To explore this possibility, we performed noninvasive arterial oxygen sensing on conscious animals using a pulse oximeter, finding that SHIP-1 -/-mice had a modest, albeit significant reduction in arterial oxygen saturation, while DKO mice showed similar arterial oxygen saturation to control mice ( Figure 3F ).
Right ventricular hypertrophy (RVH) is a common comorbidity of COPD linked with pulmonary hypertension (43) . To determine whether RVH was a feature of SHIP-1 -/-mice, we analyzed hearts from 12-week-old mice. There was a significant increase in RVH in SHIP-1 -/-mice, whereas RVH was absent in DKO mice, whose hearts were comparable to those from control and G-CSF -/-mice ( Figure 3G ). These data suggest that lung disease may contribute to RVH in SHIP-1 -/-mice but could also point to other mechanisms SHIP-1 -/-mice compared with controls, and this was reduced in the absence of G-CSF ( Figure 4D ). Interestingly, SAA has been reported to be a marker of acute exacerbations in COPD patients and to block resolution of inflammation (47, 48) .
Low body weight and wasting syndrome are common comorbidities in a subset of COPD patients with advanced disease that correlate with poor prognosis (4). We therefore assessed indices of overall body condition in 12-week-old mice, including muscle mass and body fat mass. Assessment of muscle mass in distinct muscle groups of the hind limb of 12-week-old mice did not show any differences between the groups (Figure 4E ), indicating that catabolism of muscle had not developed at this age. However, assessment of white and brown body fat isolated from 3 distinct anatomical locations revealed that SHIP-1 -/-mice displayed a significant loss of fat mass, with a trend towards restoration in DKO mice ( Figure 4F ). To determine whether aberrant lipolysis could account for the differences in body fat mass in SHIP-1 -/-mice, we assessed expression of adipose triglyceride lipase (ATGL) in the brown fat ( Figure 4G ). SHIP-1 -/-mice displayed increased ATGL gene expression, potentially contributing to increased lipolysis, with a trend towards reduction in DKO mice.
Osteoporosis is a significant comorbidity in COPD patients (49) . SHIP-1 -/-mice also display a low bone mass phenotype due to elevated osteoclastogenesis, and formation of osteoclasts that are hyperresorptive (44) . To determine whether removal of G-CSF could alter the development of osteoporosis in DKO mice, we performed high-resolution micro-CT of long bones. As previously observed, SHIP-1 -/-mice displayed significantly lower trabecular bone volume and trabecular thickness, with a trend towards restoration in DKO mice ( Figure 4H ). Cortical bone area and cortical thickness were also significantly lower in SHIP-1 -/-mice, with protection of cortical thickness observed in DKO mice ( Figure 4H) . . (B) IL-6 levels in serum of the indicated 12-week-old mice measured by ELISA; pooled data from n= 4-16 per group. qRT-PCR analysis of (C) CRP and (D) SAA gene expression in liver from the indicated 12-week-old mice; pooled data from n = 3-12 per group. (E) Weights of distinct muscle groups in the indicated 12-week-old mice, expressed as a ratio to body weight; pooled data from n = 6-12 per group. (F) Measurement of distinct anatomical white and brown fat in the indicated 12-week-old mice; pooled data from n = 6-12 per group. (G) qRT-PCR analysis of ATGL in brown fat of 12-week-old mice; pooled data from n = 4-7 per group. (H) Micro-CT analysis of trabecular and cortical bone in 6-week-old male mice; pooled data from n = 3-6 per group. All data analyzed by ANOVA. *P < 0.05; **P < 0.01; ****P < 0.0001. jci.org Volume 128 Number 6 June 2018 (20) and the susceptibility of SHIP-1 -/-mice to LPS-induced toxicity (50), we next examined the response of DKO mice to respiratory challenge by transnasal treatment with LPS followed by quantification of the influx of neutrophils and monocytes into the lung after LPS treatment ( Figure 5, A and B) . Control mice mounted a strong response, reflected by increased neutrophil frequency and absolute number at day 1, which was reduced by day 3 and resolved at day 10, with monocytes and macrophages peaking at day 3 and resolving at day 10. G-CSF -/-mice displayed a robust neutrophil response to LPS that abated more quickly than that of control mice and interestingly, they exhibited an enhanced monocyte response. By comparison, SHIP-1 -/-mice were impaired at all time points after LPS treatment, with reduced neutrophil and monocyte infiltration into the lung. In contrast, although DKO mice were impaired in the same manner as SHIP-1 -/-mice in their ability to mount a neutrophil response to LPS treatment, they mounted an early compensatory monocyte response at day 1, which increased further at day 3 and was largely resolved by day 10. Cytology of the BALF at day 1 showed the clear presence of neutrophils in DKO mice, and interestingly, the presence of enlarged macrophages ( Figure 5A ). These results demonstrate that complete removal of G-CSF genetically can impair mucosal immunity but does not further impair immune responses in SHIP-1 -/-mice. G-CSF is elevated in human COPD samples. Since we found that G-CSF is a key pathogenic factor in the SHIP-1 -/-mouse model of COPD, we next determined G-CSF levels in a cohort of patients presenting to the respiratory clinic. Patients were admitted to the day clinic for endobronchial ultrasound for diagnosis of lung cancer based on chest abnormalities detected by X-ray. Patient diagnostic information was obtained after analysis and patients were and lipocalin (58) . The clinical use of G-CSF for the recovery of neutrophil number and function in chemotherapy patients has also revealed critical toxicities, notably neutrophil-induced pulmonary toxicity, alveolar hemorrhage, acute respiratory distress syndrome, and hemoptysis (59, 60) . Accordingly, recent research into G-CSF points to it as a therapeutic target in diseases where G-CSF and/or the activity of neutrophils is pathogenic (23) (24) (25) .
SHIP-1 -/-mice lacking G-CSF exhibit no further impairment of mucosal immune responses. Given the impaired immunity reported for G-CSF-deficient mice
Given that clinical therapeutic antibodies can be conveniently dose-ranged, as has been shown in cultures of human bronchial epithelial cells and cigarette-smoke-induced mouse models (61, 62), we would advocate for doses that address excess G-CSF production aiming to restore G-CSF homeostasis rather than remove its activity completely, in order to preserve beneficial host defense. This is important, since COPD patients exhibit defects in mucosal immunity. We utilized LPS to determine the responsiveness of mice in a simplified sterile model of acute lung inflammation. We showed that although G-CSF -/-mice were somewhat impaired, they were able to mount a robust neutrophil response accompanied by an enhanced monocyte response. Interestingly, although SHIP-1 -/-mice displayed diminished responses, removal of G-CSF did not lead to further impairment, and indeed DKO mice exhibited an enhanced monocyte response. Thus, productive neutrophil responses towards bacterial LPS can be attained in the absence of G-CSF, and would likely be even less impacted in therapeutic treatments that involve dose-ranging as outlined above. In future studies, the use of clinically relevant microorganisms in model systems such as Haemophilus influenzae, Streptococcus pneumonia, and Pseudomonas aeruginosa would provide further insights into the safety and effectiveness of targeting of G-CSF in the context of respiratory infection, acute exacerbations of COPD and, speculatively, potentially in other diseases such as cystic fibrosis and severe asthma where neutrophilic inflammation is prominent.
In COPD, neutrophils are thought to play a pathogenic role, as they promote a proinflammatory state and contribute to tissue destruction by the secretion of neutrophil elastase (63) . AMΦs are also recognized as key mediators of pathological lung injury in COPD owing to their ability to produce inflammatory cytokines, neutrophil-attracting chemokines, and proteolytic enzymes that destroy lung parenchyma (1) . Removal of G-CSF from SHIP-1 -/-mice not only ablated neutrophils and neutrophil chemokines but resulted in significant reductions in AMΦ numbers and activation state, and a concomitant reduction in emphysema. Furthermore, systemic inflammation and induction of acute-phase reactants such as IL-6 and SAA, both of which are clinically validated human COPD biomarkers, were significantly reduced in the absence of G-CSF, a beneficial effect given the strong correlation between systemic inflammation and poor outcomes in COPD (45) . Our studies also revealed that young SHIP-1 -/-mice exhibited a modest decrease in arterial oxygen saturation to 95%, whereas DKO mice had normal blood oxygen. While this decrease was significant, it was small, and thus, it seems unlikely that this factor alone would lead to hypoxemia and compensatory erythrocytosis. It is of interest to examine aged mice as well as mice under exercise duress. Curiously, increased expression of the Ly-6 family member CD177 on neutrophils is a biomarker for polycythemia (64) , a feature of SHIP-1 -/-mice, and is increased upon exposure to G-CSF (65) . This may present a feedback loop between G-CSF, neutrogrouped according to smoking and COPD status, with or without lung cancer diagnosis (Supplemental Table 1 ). These results showed that G-CSF levels were elevated in patients with COPD and/or smoker status compared with nonsmokers without COPD (Figure 6 ), indicating that G-CSF is induced in the human lung upon exposure to cigarette smoke, and correlates with COPD.
Discussion
In this study, we have identified what we believe to be a novel therapeutic target, G-CSF, in a robust genetic model of COPD. Our study is the first to our knowledge to characterize the development of lung inflammation in conjunction with comorbid disease, and systematically evaluate the effect of the intervention on these pathologies. SHIP-1 -/-mice develop a disease that resembles human COPD, characterized by progressive nonresolving lung inflammation, fibrosis, emphysema, and importantly, the development of comorbidities. We have found that removal of G-CSF from SHIP-1 -/-mice was sufficient to reduce several COPD hallmarks, including immune cell infiltration and activation in the lung, fibrosis and emphysema, systemic inflammation and strikingly, the development of comorbid syndromes. Elevated levels of several inflammatory mediators that are present in the lung and systemic circulation of SHIP-1 -/-mice are reduced in the absence of G-CSF, suggesting that it is an orchestrator of a cascade of inflammation in COPD, and the effect of its therapeutic targeting would not be limited to the lung but also to systemic disease. G-CSF may also be facilitating the chemotactic response of other cytokines, as illustrated by studies examining factors produced by lung epithelial cells following exposure to smoke extract (51) .
While there have been no previous interventional studies investigating the role of G-CSF in COPD, there is some evidence to indicate that it can be a pathogenic factor in diverse respiratory conditions such as idiopathic pulmonary fibrosis (52), acute respiratory distress syndrome (53), acute chest syndrome (54) , and sulfur-gas-induced fibrosis (55) . With respect to COPD, it is well known that neutrophils are plentiful in the COPD lung (1) and their presence implicates G-CSF. Furthermore, there is strong evidence for G-CSF-dependent inflammation biomarkers in COPD such as proteinase 3 (56), neutrophil elastase and myeloperoxidase (57), Figure 6 . G-CSF levels are elevated in the BALF of smokers and COPD patients. G-CSF levels in the BALF of the indicated patient groups measured by ELISA; pooled data from n = 9-10 per group. Data analyzed by Student's unpaired t test. *P < 0.05. jci.org Volume 128 Number 6 June 2018
in COPD. Our examination of human BAL samples revealed that G-CSF was elevated in patients with COPD and smoking status. Importantly, these results point to G-CSF or G-CSF-induced factors as biomarkers for lung inflammation in patients with diagnosed COPD or those predisposed to developing COPD. In summary, our work is the first to our knowledge to show pathogenic involvement of G-CSF in COPD and its complex comorbidome, providing rationale for exploring G-CSF, as well as its regulation and signaling mechanisms, as therapeutic targets in clinical COPD.
Methods
Mice. Mice were rederived and reared at the specific pathogen-free Monash Animal Research Platform, Clayton, Victoria, Australia upon relocation of the laboratory to Monash University. This change in facility and housing resulted in a change to the survival characteristics of the SHIP-1 -/-mice compared with our previously published studies lung analysis studies were performed on 7-to 13-week-old mice.
Measurement of BALF and serum cytokines. BALF and serum cytokine levels were measured using a Luminex multiplex assay (R&D Systems) according to the manufacturer's instructions. Beads coated with capture antibodies against known cytokines, chemokines, and proteases were used simultaneously in the multiplex assay. Levels of mouse G-CSF (PeproTech), mouse IL-6 (BD Biosciences), and human G-CSF (R&D Systems) in BALF or serum were analyzed by ELISA kits according to the manufacturers' protocols.
Lung fixation, histology, and airspace size assessment. Lungs were inflation-fixed at exactly 25 cmH 2 O pressure in 10% neutral-buffered formalin and then paraffin embedded. Whole-lung sections (3 μm) were stained with H&E or Masson's trichrome and analyzed using an Olympus BX51 microscope (Olympus Australia). Images were captured with an NP70 camera. Alveolar airspace size was determined by the mean linear intercept method (81) . Evenly distributed lines (20 per genotype) were drawn over images of H&E-stained lung cross sections, and then number of intercepts with alveolar air walls counted. Size of airspace was determined by dividing the known length of the line by the average number of intercepts.
BAL and cytospins. Lungs from lethally anesthetized mice were lavaged using 400 μl PBS, followed by 3 further lavages of 300 μl. Cells were counted, centrifuged onto glass slides using a Shandon CytoSpin 3 (Thermo Fisher Scientific), stained with Diff-Quik (Merck), and mounted. The BALF was centrifuged to pellet cells, and the supernatant was kept for cytokine measurement.
Cell preparation and flow cytometry. Single-cell suspensions from BAL or spleen were prepared as described previously (82) and analyzed by flow cytometry on an LSRII flow cytometer (BD Biosciences) using the following monoclonal antibodies: FITC-anti-CD45 (rat IgG 2b , κ, phils, and erythropoiesis that is deregulated in COPD patients. We have also found that young SHIP-1 -/-mice developed RVH, which is a common COPD comorbidity, and this feature was ameliorated by deficiency of G-CSF. While it is entirely conceivable that lung disease has driven RVH, other factors may also contribute. Lung inflammation and the inflammatory milieu slows the pulmonary capillary transit time of leukocytes (66) and it is well known that SHIP-1 deficiency promotes leukocyte activation as well as platelet spreading (67) , increasing the possibility of thrombus formation and pulmonary embolism. Since these are known to cause pulmonary arterial hypertension (68) , it is possible that these factors might also contribute to RVH in SHIP-1 -/-mice, and they are the subject of ongoing investigations.
Comorbidities are a significant health burden in the management of COPD patients, and in addition to the disease itself, often account for the majority of low quality of life and high healthcare costs associated with COPD (4). These syndromes include a diverse range of conditions including cardiovascular disease, osteoporosis, malnutrition, skeletal muscle loss, metabolic syndromes, and anemia (69) . Removal of G-CSF from SHIP-1 -/-mice not only alleviated lung disease in DKO mice, but significantly reduced comorbidities and led to increased body mass, improved body condition, and restored body fat mass. In COPD patients, muscle wasting manifested as sarcopenia and cachexia are most commonly noted in advanced disease, with reports predominantly focused on fat-free mass. It is interesting to note that in cancer patients, body fat mass depletion occurs concomitantly with cachexia driven by inflammatory cytokines such as IL-6 and TNF-α, which contribute to increased lipolysis as well as muscle catabolism (70) . Poor nutritional status of COPD patients has been suggested as a potential cause of wasting phenotypes associated with poor survival; however, cachexia can occur in COPD patients despite adequate caloric intake (71) . This suggests that body fat depletion may be an important metabolic consideration in COPD patient subgroups with advanced disease, especially with respect to the systemic increase in inflammatory cytokines, and indeed, higher body mass index in this patient subset is associated with better survival. Osteoporosis is a significant and debilitating comorbidity in COPD patients and develops in an analogous manner in SHIP-1 -/-mice (44). SHIP-1 is known to negatively regulate osteoclast proliferation in the presence of excess cytokine (72) , while macrophages from SHIP-1 -/-mice have been reported to produce elevated levels of IL-1β (73, 74) . The improved bone structure in SHIP-1 -/-mice lacking G-CSF could reflect the loss of G-CSF's actions to promote bone resorption, its action to suppress bone formation, or a combination of both. Pharmacologic administration of G-CSF has been reported to both stimulate osteoclast formation (75) and to rapidly block bone formation via a macrophage-mediated mechanism (76, 77) and by downregulation of osteoprotegerin (78) . Inhibition of G-CSF may protect the skeleton through these different mechanisms.
This study shows clearly that G-CSF contributes to lung and systemic inflammation and importantly, a complex pattern of comorbid conditions in the SHIP-1 -/-COPD mouse model. Although it is well known that neutrophils are important in COPD pathogenesis, and G-CSF is a key mediator of their survival, to the best of our knowledge this factor has not been previously explored jci.org Volume 128 Number 6 June 2018
qRT-PCR samples were run for 40 cycles under single-plex conditions (QuantStudio 7, Life Technologies), and eukaryotic 18S rRNA (Applied Biosystems) was used as an endogenous control for all samples. For each target gene, a no-RT negative control was used to verify negligible nonspecific binding to genomic DNA. Cycle threshold (Ct) values were determined using automatic threshold analysis (QuantStudio Software) and taken as an average of triplicates. The relative expression of each target gene was calculated using the 2 -ΔΔCt method.
Myeloid progenitor assay. Hematopoietic progenitors were quantified in semisolid 0.3% agar cultures comprising 100,000 spleen cells as described previously (83) . Colony formation was stimulated by M-CSF (10 ng/ml), IL-3 (10 ng/ml), GM-CSF (10 ng/ml), SCF (50 ng/ ml), or G-CSF (10 ng/ml) (PeproTech). The number of colonies (>50 cells) was determined after 5-7 days in culture.
Pulse oximetry. Cardiopulmonary parameters were measured on conscious mice using the MouseOx system with small collar clip (Starr Life Sciences). Recordings were taken every 3 seconds over 2 fourminute readings, following a 2-minute baseline measurement and averaged over the observation period.
Assessment of RVH. The degree of RVH was assessed on H&E-stained heart sections from 12-week-old mice by measuring the ratio of the right ventricular wall area to left ventricular wall area plus septum area, or RV/(LV + S), as described previously (84) .
Muscle and fat analyses. Skeletal muscles (soleus, tibialis anterior, and gastrocnemius) from 12-week-old mice were dissected and weighed. Brown adipose tissue was collected from the anterior subcutaneous depot and gonadal white fat was dissected and weighed. Gene expression for ATGL was performed by qRT-PCR.
Micro-CT of bone. Micro-CT of bone was performed on paraformaldehyde-fixed femora stored in 70% ethanol, from 6-week-old male mice using the SkyScan 1076 micro-CT system (Bruker) with the following settings: 9 μm voxel resolution; 0.5 mm aluminium filter; 50 kV; 220 μA; 2,300 ms exposure time; rotation 0.7°; and frame-averaging = 1. The images were reconstructed and analyzed using SkyScan Software programs NRecon (1.6.10.2), DataViewer (1.4.4), and CT Analyser (v 1.14.4.1). Femoral lengths were measured on the scanned images. The femoral trabecular and cortical regions of interest (ROIs) commenced at a distance equal to 15% or 30%, respectively, of the total femur length proximal to the distal end of the femur; for both, an ROI of 15% of the total femur length was analyzed. The lower adaptive threshold limits for trabecular and cortical analysis were equivalent to 0.35 g/mm 3 and 0.73 g/mm 3 calcium hydroxyapatite, respectively.
Patient samples. Patient BALF was obtained as described previously (85) . Briefly, the bronchoscope was wedged into a segmental bronchus distant from any lung lesion(s) and 20 ml of saline was instilled, retrieved, and discarded to clear the bronchoscope of bronchial secretions. A further 60-80 ml was instilled in 20-ml aliquots and retrieved via hand aspiration of the syringe. Samples were stored on ice immediately upon receipt. Cell-free BALF was obtained via centrifugation of the samples. Cells were counted, used for cytopins, and stored at -70°C for further analysis.
Statistics. Data were analyzed by 2-tailed unpaired Student's t test or nonparametric Mann-Whitney U test as appropriate according to normality of data when comparing 2 groups. Data involving 3 or more groups was tested by 1-way ANOVA or nonparametric ANOVA using GraphPad Prism 7 software. Multiple comparison tests were performed by Tukey's or Dunn's post hoc tests. A P value less than 0.05 was considered significant. 1:500, catalog 553080; BD Biosciences), PE-Cy-7-anti-CD11c (Armenian hamster, IgG, 1:500, catalog 25-0114-82; eBioscience), APCe780-anti-CD11b (rat IgG 2b , κ, 1:500, catalog 47-0112-82; eBioscience), biotin-anti-Ly6C (rat IgM, κ, 1:500, catalog 557359; BD Biosciences), PE-anti-Ly6G (rat IgG 2a , κ, 1:500, catalog 551461; BD Biosciences), biotin-anti-c-fms (rat IgG 2a , κ, 1:500, catalog 13-1152-82; eBioscience), Ter119 (rat IgG 2b , κ, 1:500, catalog 553673; BD Biosciences), FITCanti-CD71 (rat IgG 1 , κ, 1:500, catalog 553266; BD Biosciences), APCe780-B220 (rat IgG 2a , κ, 1:500, catalog 47-0452-82; eBioscience), and eFluor 450 anti-MHC Class II (I-A/I-E) (rat IgG 2b , κ, 1:500, catalog 48-5321-82; eBioscience). FlowJo software (Windows v10, FlowJo LLC) was used to analyze acquired data. Absolute number of cells was calculated from cell counts and proportions determined by flow cytometry.
Phospho-flow cytometry method. Single-cell suspensions from BAL were prepared and stained as described above with a few modifications as follows. For phospho-flow cytometry, cells were incubated in serum-free cell culture media alone at 37°C for 15 minutes, and then stimulated with either 10 ng/ml of G-CSF (PeproTech) or media. Cells were placed on ice and the stimulation was stopped with ice-cold medium. Phospho-flow was performed with fixation and permeabilization buffers according to the manufacturer's protocol (BD Biosciences). FlowJo software was used to analyze acquired data. Fluorescence-minus-one control samples were included for the phospho-specific antibodies and were used to normalize fluorescence values from the stained samples. Data are presented as the ratio of the normalized fluorescence intensity to the media-treated control cells.
Immunoglobulin ELISA. Serum immunoglobulin titers were measured by ELISA as previously described (31) . Briefly, 96-well immunoplates (Nunc) were coated with anti-mouse Ig overnight, before diluted sera and standards were added to wells prior to detection with isotype-specific secondary antibodies.
Autoantibody detection using slides of HEp-2 cells. HEp-2 slides (Immuno Concepts) were stained according to the manufacturer's instructions. Sera were diluted 1:40 in PBS and added to the slide wells and incubated for 30 minutes at room temperature. Slides were washed in PBS for 10 minutes, incubated in goat anti-mouse IgG(H+L) conjugated to Alexa 488 (Invitrogen), rewashed in PBS, and then coverslipped in aqueous mounting medium. Stained slides were imaged on the same day with an Olympus BX51 microscope and images were captured with an NP70 camera.
Intranasal LPS challenge. Mice (10-12 weeks old) were lightly anesthetized with isoflurane and then challenged by intranasal administration of 30 μl of E. coli LPS (10 μg/mouse, serotype O114:B4; SigmaAldrich). Control mice received 30 μl of DMEM. Mice were euthanized at 1, 3, or 10 days after challenge. BAL cells were collected, counted, and analyzed by flow cytometry to quantify degree and type of inflammation, and by microscopy to examine cell morphology.
qRT-PCR. RNA was isolated from AMΦs and CD11b + Ly-6G + neutrophils sorted from BAL and bone marrow cells using the RNeasy Kit (QIAGEN). RNA was extracted from the liver and brown adipose tissue in the same manner with a protocol adapted for tissue. After determination of quality and concentration (Nanodrop), up to 1 μg was converted to cDNA using a High-Capacity RNA-to-cDNA Kit (Life Technologies) and diluted in RNase-free water. Genes of interest were screened using prevalidated Taqman assays (Life Technologies) and the reaction mix contained 2 μl cDNA, 0.5 μl target primer, and 3.5 μl Taqman Universal PCR Mastermix diluted with RNase-free water.
